The authors report on the downlink performance of a 10 Gb∕s long-reach and ultra-dense wavelength-division multiplexed passive optical network, based on a multicarrier transmitter realized by using an externally injected gain-switched distributed-feedback laser diode. Each of the comb channels, spaced by 10 GHz, is modulated with a 3 Gbaud dual polarization quadrature phase shift keying signal that included a 20% overhead for forward error correction. Frequency selectivity and enhanced receiver sensitivity is achieved by employing a digital coherent receiver to receive the signal. Experimental results achieved in a back-to-back and 100 km transmission scenarios show an excellent worst case receiver sensitivity of −44 dBm.
The wavelength-division multiplexed passive optical network (WDM PON) is a promising technology for nextgeneration access networks as it provides greater bandwidth to the home, enhanced security, and increased reach [1, 2] . One of the major obstacles to the adoption of the WDM PON architecture is the associated capital and operational expenditure required to implement such a distribution access network. However, substantial cost savings and network simplification can be achieved by adopting the long-reach, ultra-dense WDM PON (LR UDWDM PON), which improves the spectral efficiency and extends the physical reach of the conventional PON, thereby bypassing the metro network [3] . Coherent reception can be employed to achieve the greater transmission distance (∼100 km) and large split ratio [4] required for LR UDWDM PONs [5, 6] , as it offers enhanced receiver sensitivity due to the coherent gain of the receiver. In addition to this, the inherent frequency selectivity of coherent reception negates the need for fixed or tunable optical filters in the optical distribution network (ODN) and also enables the denser channel spacing.
The combination of coherent reception, digital signal processing and spectrally efficient modulation formats provides the platform to dramatically increase the transmission capacity and improve the spectral efficiency of current lightwave communication systems. Therefore, the coherent detection based LR UDWDM PON results in an increased power budget, higher spectral density, and higher data rate, as well as greatly reduced network complexity. However, there are significant obstacles to the widespread deployment of coherent UDWDM PONs, such as the high cost and energy consumption of current optical line terminal (OLT) transmitters. The latter arises from the fact that individual lasers supplying the multiple wavelengths require separate bias, temperature, and/or wavelength controllers. Moreover, the narrow channel spacing associated with UDWDM systems would require the frequency spacing between the carriers to be kept extremely stable. Hence, independent lasers would require complex driving circuitry to ensure that the spacing is kept constant. In this context, the use of optical comb sources could be advantageous, as it may overcome this problem by offering constant frequency spacing between the carriers as an inherent feature.
In this work, we present an optical multicarrier transmitter-based seven channel × 10 Gb∕s LR UDWDM PON downlink scenario. The schematic of the proposed architecture of such a coherent detection-based LR UDWDM PON is shown in Fig. 1 . Each OLT consists of a simple and robust multicarrier transmitter based on an externally injected gain switched distributed feedback (DFB) laser [7] . We also propose the use of a digital coherent receiver at every optical network unit (ONU) to provide channel selectivity [via the use of a tunable local oscillator (LO) laser], negating the need for optical filtering in the ODN and improving the receiver sensitivity. Hence, in contrast to conventional long reach PONs [4] , midspan or remote node amplification is not required. It is important to note that at the ONU, the tunable laser could be used as a LO for the digital coherent receiver and also as a carrier for the uplink signal, especially when imposed with a frequency offset so as to enhance the overall spectral efficiency and mitigate backscattering effects in bidirectional transmission [8, 9] . The additional advantage of this approach is that the upstream signal can be locked to the frequency grid set by the downstream comb.
The experimental setup of the proposed LR-UDWDM PON (downlink) is illustrated in Fig. 2 . The optical comb source at the OLT was based on a gain-switched externally injected DFB laser. Gain switching of the DFB laser was achieved by driving the laser diode with a large amplified sinusoidal signal (24 dBm at 10 GHz) in conjunction with a dc bias current of 50 mA, while the laser was temperature controlled at 25°C. It is important to note that key parameters such as the optical linewidth and spectral flatness would play an important role in determining the performance of the comb source in the proposed system. Hence, an external cavity laser (ECL) with a linewidth of ∼200 kHz and an output power of 6 dBm was used to inject into the gain switched DFB laser. The external injection from a single low linewidth ECL ensures the transfer of the low linewidth (master) to each of the gain-switched DFB laser (slave) comb tones [10] , thereby enabling them to be employed as carriers for advanced modulation format data signals especially at low baud rates (where the linewidth requirement is more stringent). The gain-switched comb source, as illustrated in Fig. 3(a) , yielded 15 clearly resolved phase-correlated optical tones within a 3 dB spectral envelope with each of the tones offset by an integer multiple of the drive frequency (10 GHz). Power equalization and outer sideband rejection were achieved by passing the comb signal through a programmable optical filter. This resulted in the seven chosen tones exhibiting a spectral flatness of 1 dB and the unwanted outer sidebands being suppressed to about 15 dB as illustrated in Fig. 3(b) . This signal was subsequently optically amplified using an erbium-doped fiber amplifier (EDFA) to overcome the loss of the optical filter.
In a practical system, each OLT line card would consist of an optical comb source, an arrayed waveguide grating to filter out the required sidebands, an array of modulators to independently encode the data on to each of the optical comb tones, and another arrayed waveguide grating to recombine them together [11] . However, in this experiment, the comb was passed through a de-interleaver based on an asymmetric Mach-Zehnder interferometer, with a free spectral range of 20 GHz, to separate the comb into odd and even channels. Both the odd and even channels were subsequently passed through a second de-interleaver stage to improve the extinction ratio to 40 dB, as shown in Fig 3(c) and 3(d) . The odd (1, 3, 5, 7) and even (2, 4, 6) channels were individually modulated with 3 Gbaud QPSK data signals using two dual parallel MachZehnder modulators. Successively, the two 3 Gbaud QPSK signals were optically amplified and combined before being passed through a polarization multiplexing emulation stage, thus generating a 7-channel 3 Gbaud DP-QPSK signal. This corresponds to a 10 Gb∕s data rate (DP-QPSK 4 bits∕symbol) plus 20% overhead reserved for hard decision FEC coding, which theoretically corrects bit error rates (BER) from 1.5 × 10 −2 to below 10 −15 [12] . The performance of the WDM DP-QPSK signal is initially analyzed in a back-to-back scenario and subsequently after transmission over 100 km of standard single mode fiber (SSMF). An EDFA at the transmitter sets the power per channel to about 3 dBm prior to being launched to the receiver. The total loss between the OLT and the ONU yields the loss budget, which then determines the maximum number of subscribers and the maximum transmission distance that can be afforded by the LR PON. In the experiment, a variable optical attenuator (VOA) is used at the receiver end to mimic the total number of passive splits. At the ONU, the signal was detected using a phase and polarization diverse coherent receiver [13] . An ECL was used as the LO (output amplified to 14 dBm) and the emission frequency was tuned to match the required wavelength channel. The received signal was then digitized by a digital sampling oscilloscope (DSO −50 GS∕s with an ENOB of 5). The BER of the coherently received signal was recorded offline using Matlab [14] .
The performance of the long reach WDM PON downlink system was verified by recording the BER as a function of the received power under the two mentioned scenarios (back-to-back and 100 km SSMF transmission). The received optical channel powers were measured using calibrated optical spectrum analyzers.
Benchmarking of the optical comb source's performance was achieved by comparing it against a single channel source employed in a back-to-back configuration. The single channel source was realized by using the same external cavity laser that was used to injection lock the gain switched DFB laser. It needs to be mentioned that all sensitivity and power penalty values quoted have been taken at the FEC limit. Figure 4(a) shows the BER performance of the single channel case and all seven comb channels in the back-to-back scenario. The seven comb tones (CH1-7) deliver very similar levels of performance with a receiver sensitivity of about −44.4 dBm for the best comb channel and −44 dBm for the worst comb channel. Hence, the power penalty between the best and the worst performing channels was 0.4 dB. In addition, the worst performing comb channel shows a 0.8 dB penalty in comparison to the single channel case. This penalty could be attributed to introduction of coherent crosstalk and in-band noise. The BER as a function of the received power for all seven optical tones, after the 100 km SSMF transmission, are plotted in Fig. 4(b) . Here again, as can be seen from this plot, all the seven comb tones yielded very similar performance with a 0.8 dB penalty between the single channel and the worst performing comb channel. With a worst-case receiver sensitivity of −44 dBm and a per channel launched power of 3 dBm, the proposed system could transmit over 100 km and afford a split ratio of 1:256 which then leaves a sensitivity margin of 3 dB.
In order to demonstrate that all the comb lines from the externally injected gain switched laser portray similar phase noise properties, we verified the performance of two channels placed outside the filtered region of the generated comb. The chosen channels are marked by filled circles in Fig. 3(a) and are labeled as channels (CH) -5 and 9. The BER as a function of the received power for these two comb tones and the single channel case are plotted in Fig. 5 . The figure clearly shows that these two outer channels exhibit similar performance in comparison to the initially filtered seven comb channels. CH -5 and 9 exhibit receiver sensitivities of −44.5 dBm and −44.2 dBm, respectively. A penalty of 0.5 dB is incurred between channel 9 and the single channel (ECL) case.
We have experimentally demonstrated the feasibility of using an optical comb source at the OLT for downlink transmission in a 10 Gb∕s coherent LR-WDM PON. The comb source was realized using an externally injected gain switched DFB laser that yielded seven 10 GHz spaced coherent optical carriers. The external injection ensured that the phase noise of each of the optical tones was low enough to enable the modulation of 3 Gbaud QPSK data. Experimental work has verified the technique to be capable of transmitting a 7-channel 3 Gbaud DP-QPSK WDM signal over 100 km of SSMF. The results obtained have shown about a 0.4 dB sensitivity penalty between the best and the worst performing comb channels, together with a 0.8 dB penalty variation in system performance between the single channel case and the worst comb channel. Hence, this seven channel 10 Gb∕s LR UDWDM-PON downstream transmission (70 Gb∕s) achieved a loss budget of 47 dB, thus enabling 100 km of SSMF transmission and a 1:256 passive split (3 dB margin). The use of such an optical multicarrier source at the OLT offers simplicity, low cost and energy efficiency. The use of a coherent receiver at each ONU compromises on cost, but in return offers improved receiver sensitivity and frequency selectivity, thereby enabling larger split ratios, longer reach and reduced network complexity.
